Tissue microarrays (TMAs) provide unique resources for rapid evaluation and validation of tissue biomarkers. The Canary Foundation Retrospective Prostate Tissue Microarray Resource used a rigorous statistical design, quota sampling, a variation of the casecohort study, to select patients for inclusion in a multicenter, retrospective prostate cancer TMA cohort. The study is designed to definitively validate tissue biomarkers of prostate cancer recurrence after radical prostatectomy. Tissue samples from over 1000 participants treated for prostate cancer with radical prostatectomy between 1995 and 2004 were selected at 6 participating institutions in the United States and Canada. This design captured the heterogeneity of screening and clinical practices in the contemporary North American population. Standardized clinical data were collected in a centralized database. The project has been informative in several respects. The scale and complexity of assembling TMAs with over 200 cases at each of 6 sites involved unanticipated levels of effort and time. Our statistical design promises to provide a model for outcome-based studies where tissue localization methods are applied to high-density TMAs.
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Key Words: prostate cancer, prognosis, tissue microarray, quota sampling (Adv Anat Pathol 2013;20:39-44) P rostate cancer is the most frequently diagnosed cancer among men in the United States, with >200,000 new cases expected in 2012. 1 Survival after primary treatment is generally excellent, especially among men diagnosed with presumed organ-confined disease. 2 Although approximately one third of men undergoing surgery present with clinical factors that put them at high risk of recurrence with 10-year biochemical recurrence rates as high as 30% to 50%, 3, 4 recent screening trials have documented that many men are diagnosed with clinically indolent disease. 5, 6 These statistics suggest that there are high rates of overdiagnosis and overtreatment of prostate cancer and underlie the recent recommendation by the US Preventive Task Force against routine prostate-specific antigen (PSA) screening of men for prostate cancer. 7 Therefore, the clinical management of prostate cancer presents patients and physicians with a paradox of localized disease that is both undertreated in some and overtreated in others, highlighting the critical need to identify prognostic biomarkers of prostate cancer recurrence.
The Gleason score, clinical stage, surgical margins, lymph node involvement, and presurgery and postsurgery PSA values, although imperfect at predicting recurrence, are widely used in the postoperative management of patients undergoing radical prostatectomy (RP). For patients who do not elect to undergo surgery or other curative therapy, digital rectal exam, repeated biopsies, and PSA levels are used to monitor disease progression. 8 Several models have been constructed to predict the probability of recurrent disease both preoperatively and postoperatively, 9, 10 with the conclusion that at most 50% of variance in outcome is explained by current prognostic parameters. 11 The predictive accuracy of these models could be improved with the addition of new prognostic biomarkers. [11] [12] [13] The identification of biomarkers that associate with prostate cancer behavior will likely be derived from a deepened understanding of the underlying biology of prostate cancer aggressiveness that includes cell proliferation, survival, invasive and migratory capabilities, angiogenesis, immune system responses, and other parameters. In addition, the application and routine deployment of biomarkers requires development and standardization of molecular tools for accurate classification of the innate biological and clinical behavior. Once identified, new molecular biomarkers associated with high-risk prostate cancer need to be tested in clinical samples with detailed follow-up and established clinical endpoints. To date, most studies have focused on developing new diagnostic biomarkers to overcome the problems with PSA testing that involves addressing poor sensitivity and specificity. As such, few resources have been available for testing prognostic biomarkers, particularly for selecting patients for immediate versus deferred treatment, and monitoring disease status over time through active surveillance. Given the challenges in developing serum-based markers of prognosis, a logical first step would be to develop biomarkers that are tissue based. Biomarker testing in tissues has been expedited by the development of tissue microarrays (TMAs).
TISSUE MICROARRAYS FOR IDENTIFYING PROSTATE CANCER BIOMARKERS
First described in the 1980s, 14, 15 TMAs have been used in tissue-based studies for virtually every disease, particularly human cancer. TMAs allow simultaneous evaluation of hundreds of cases on a single histologic slide and have been used for protein and nucleotide-based assay systems, most commonly immunohistochemistry and in situ hybridization. Many investigators have developed prostate cancer TMAs and used them in studies designed to discover and validate candidate diagnostic and prognostic biomarkers. However, despite the identification of many candidate biomarkers, very few tissue-based biomarkers have been validated across different cohorts, and fewer have been adopted for routine clinical use. The immunohistochemical markers that are routinely used in clinical work, that is, AMACR, p63, and ERG, have been applied exclusively for diagnostic purposes, not for prognosis. To add to the confusion, multiple studies report contradictory results for a single biomarker. For example, published reports on the family of ERG fusions have described both positive and negative associations with aggressive disease. 16 There are many reasons why prognostic biomarkers have not transitioned to routine use in the clinical management of patients with prostate cancer. Many biomarkers are presented as "candidates" based on their predicting outcome in TMAs created from whatever prostate cancer samples are on hand without a probabilistic sampling scheme from a welldefined population and, most of these studies fail to test the performance of the biomarker in the context of prognostic clinical and pathologic parameters currently in use, such as Gleason patterns, clinical stage, or serum PSA concentrations. Furthermore, many of these TMA patient cohorts are relatively small, with limited clinical information, and short or incomplete follow-up. Even when candidate biomarkers are identified in these studies, the evaluation of the markers often stops after they are identified. Lack of validation cohorts and methods of testing for clinical significance, in addition to the somewhat mundane work of testing the many candidate biomarkers in the context of clinical and pathologic parameters, likely decrease the incentive to rigorously test them as prognostic markers.
Several groups have assembled TMA cohorts with hundreds of patient samples, thereby overcoming issues of inadequate power or incomplete follow-up. However, virtually all of these cohorts are derived from surgical cases from a single institution, which may limit the generalizability of the study population with regards to patient ethnicity, disease severity, and type of practice. In addition, local treatment patterns and methods of follow-up also contribute to intrinsic biases of single-institution patient cohorts. Many of these larger cohorts have significant patient heterogeneity engendered by PSA screening procedures. PSA screening has resulted in a change in the spectrum of prostate cancers in the US population, with migration over time to lower tumor stage and tumor volume. In the Prostate, Lung, Colorectal, and Ovarian screening trial, Gleason grades shifted significantly to lower grades in patients detected in the first round of screening compared with those detected in subsequent rounds. 17 Many TMA cohorts include a mixture of old and contemporary patient samples that add heterogeneity to the population but might not be relevant to current sets of patients identified by intense PSA screening.
STUDY DETAILS

Rationale and Design of a Multi-Institutional Tissue Microarray Platform
The Canary Foundation Retrospective Prostate Tissue Microarray Resource (CFRPTMR) is a multicenter, retrospective prostate cancer TMA study undertaken as a collaborative effort between 6 academic medical centers-Stanford University, University of California, San Francisco, University of British Columbia, University of Washington, University of Texas Health Science Center at San Antonio, and Eastern Virginia Medical School. The study is supported by the Canary Foundation, Palo Alto, CA. The primary objective of the study is to validate biomarkers that have been reported to predict recurrent prostate cancer at the time of RP. The secondary objective of the study is to discover candidate biomarkers for the prediction of nonrecurrent disease. The primary study endpoints are time to recurrence and 5-year recurrence-free survival.
The discovery and validation of clinical biomarkers in many ways parallel the steps necessary for drug development. In addition to identifying a target biomarker and developing a clinically certifiable means for measuring the biomarker, the biomarker must be tested and validated on a well-defined patient population and address a relevant clinical question. As many tissue-based biomarker candidates have been identified, and standard means of measuring the markers (eg, immunohistochemistry) are widely used in clinical practice, we surmised that the bottlenecks to biomarker development primarily lie in validation. To address the challenges of biomarker validation, we assembled a team of pathologists, clinicians, statisticians, and cancer researchers and spent 2 years designing and creating a TMA resource for validating biomarkers of prostate cancer prognosis. As the study design emerged, it became clear that the study would follow many of the principles of a prospective clinical trial in a retrospective setting. Implementing this rigorous design involved challenges that were not anticipated in the initial study planning. Although several of the challenges were specific to prostate cancer, the resulting design features are generally applicable to most tissue-based disease studies.
We designed a common TMA platform across multiple institutions to avoid the single-institution bias. We chose to test prognostic markers in prostate tissues from a RP cohort. This cohort was chosen because the clinical and pathologic features of the cancers could be sampled robustly (eg, cancer grade and stage), abundant tissue was available for TMA construction, and patient outcomes were well documented. As data suggest that some contemporary patients are overtreated, [18] [19] [20] the study was designed to distinguish between indolent and aggressive disease in low-risk and intermediate-risk patients.
The clinical need to distinguish indolent from aggressive disease in men undergoing prostatectomy drove the definition of study endpoint. We selected a study outcome that captured aggressiveness and clearly defined how this outcome would be measured. The gold standard for aggressive disease is recurrent or metastatic prostate cancer. However, metastatic disease typically manifests up to 10 years after initial prostate cancer treatment 4 leading to concerns about insufficient follow-up time and spectrum bias. Prostate cancer progression after surgery is typically monitored using serum PSA concentrations as a surrogate for local recurrence or metastasis. Biochemical recurrence may identify a group of patients who are at significantly higher risk for the development of metastases and prostate cancer mortality. 21 Thus, we decided to include PSA recurrence within 5 years of RP as a study outcome in addition to secondary/salvage therapy and clinical evidence of metastasis.
Almost all biomarker candidate studies are retrospective case-control studies and thus prone to spectrum bias in which the study sample is not representative of the clinically relevant population. For retrospective case-control studies, the cases included in the study tend to have more aggressive disease and better follow-up, both in quality of data collection and length of follow-up. Similarly, the controls included in a retrospective case-control study often represent the healthiest patients with the best follow-up. For example, metastatic prostate cancer frequently manifests Z10 years after initial treatment for prostate cancer. The natural impulse in selecting nonrecurrent patients (controls) is to limit selection to nonrecurrent patients with at least 10 years of follow-up, potentially leading to spectrum bias. To help reduce this bias, a small number of censored patients (ie, patients whose recurrent status at 5 y post-RP is unknown) are included in the study design as well as a small number of patients who experience recurrence >5 years after RP. To eliminate institutional selection biases, TMAs were constructed at 6 institutions with diverse patient populations and practice patterns.
To accurately measure the study outcome of aggressive disease and ensure that patients met the eligibility criteria, detailed follow-up data on PSA and other clinical characteristics were required. Although some sites maintained an electronic database of patient information associated with stored prostatectomy samples, others did not. These sites extracted the necessary information from medical records for each patient, a laborious and time-consuming process that shaped the sampling plan for the study. Ideally, a study cohort is drawn randomly from all eligible patients in the target population, in this case, all men undergoing prostatectomy after 1995 at the participating sites. A starting date of 1995 was selected because much of the stage shift caused by PSA screening of the US population occurred before that year. 22 The study used a quota-sampling plan 23 (Supplementary Materials, http://links.lww.com/PAP/A6). A random list of the entire RP cohort at each site was generated and recurrent and nonrecurrent cases were identified. Participants were then chosen by moving sequentially down the list, extracting information from medical records if needed, and confirming the eligibility of each patient until the targeted number of participants in the recurrent and nonrecurrent categories was obtained. This approach minimized medical records extraction as selection only continued until the target number of eligible patients was identified.
One unanticipated challenge was the time and effort required to retrieve tissue blocks that had adequate material for the TMAs after patient selection was complete. At some sites, tissue blocks for selected patients had been either consumed for other studies or were missing entirely. In some cases, the growth pattern of the cancer was so serpiginous that no more than a single core could be obtained of the cancer, instead of the 3 cores on which the TMA design was based. After consideration of the study design and discussion, we decided that in such cases 1 core sufficed so that such cancers were not underrepresented in the TMAs. At several sites, substantial effort was needed to locate the missing tissues, which were often scattered in several laboratories where the tissues had been used for other research projects.
Patient and Sample Selection
The study includes tissue derived from RP surgical specimens. The study included samples from men with (a) recurrent prostate cancer; (b) nonrecurrent prostate cancer; and (c) unknown outcome due to inadequate follow-up time (ie, censoring). Recurrent prostate cancer is defined by (1) a single serum PSA level >0.2 ng/mL more than 8 wk after RP; and/or (2) receipt of salvage or secondary therapy after RP; and/or (3) clinical or radiologic evidence of metastatic disease after RP. Although lower thresholds for biochemical recurrence have been proposed, 24 the lower bound of sensitivity of PSA testing at some sites during the study period was limited to 0.2 ng/mL. Defining biochemical recurrence at a lower PSA value would have resulted in inconsistent application of the definition. Nonrecurrent prostate cancer is defined as disease with none of the indicators of recurrence for at least 5 years after RP. Participants with no evidence of recurrent prostate cancer but <5 years of follow-up after RP (ie, censored) were also eligible for the study. Inclusion and exclusion criteria and definitions of recurrent and nonrecurrent disease are given in Table 1 . The full study protocol is available from the authors upon request.
Data Management
The participating sites transmitted deidentified patient data for all RP patients undergoing surgery during the study period to the lead statistician in the study (Z.F.). The study statisticians mapped the submitted data to a set of standardized clinical variables creating a secure, centralized, database of clinical and pathologic information. The statistical core checked the eligibility of each participant and returned a randomized participant list to the sites for participant selection through quota sampling, as described below and in the Supplemental Materials (http://links.lww.com/PAP/A6). Common data elements obtained from each institution are available on request.
Participants in the centralized database were only identified by the study ID, ensuring patient confidentiality. Databases linking study IDs to patient-identifying information are maintained in a locked area at each study site.
Tissue Microarray Construction
The TMAs consist of formalin-fixed, paraffin-embedded tissue. Each site built a set of 5 TMAs, in duplicate, each block containing tissue from 42 participants and 8 common control tissues (colon, tonsil, kidney, healthy prostate, and liver) using an 11 Â 16 layout (Supplementary Material AA, http://links.lww.com/PAP/A6). For each control tissue, the tissue blocks were obtained from the same patient and distributed to the sites. Use of a common control allows for comparison of assay quality across sites.
A 1-mm-diameter needle was used to remove tissue cores from each donor tissue block. For each case, 3 cores of cancer tissue were obtained from the highest grade cancer in the dominant tumor. These cancer cores generally include regions of non-neoplastic glands. In addition, 1 core of histologically benign prostate glandular tissue was obtained from the peripheral zone of each case altogether yielding a total of 4 cores per case represented on the TMA. The cores from a single participant were grouped together on the TMA. Recurrent and nonrecurrent participants were randomly distributed across the TMAs. The common control tissues were grouped together providing a visual check for slide orientation.
In addition to the cores extracted for the duplicate TMAs, 3 cores of cancer tissue were obtained from the highest grade cancer in each case and reserved for DNA or other nucleic acid biomarker discovery or validation studies. The standard operating procedures detailing TMA construction are available from the authors on request.
Tissue Microarray Distribution
A collaboration agreement, including material transfer agreements, executed at all participating sites, allows for transfer of TMA sections among participating sites. The TMA resource is also available to outside investigators. Applications to use the TMA resource are considered by the Review Committee, consisting of investigators from each participating site. Applications are available through the Canary Foundation (http://www.canaryfoundation.org).
Whenever possible, digital images of stained TMA sections are uploaded and stored in a password-protected web-accessible database that allows all sites to access and evaluate the images remotely. Staining is evaluated by study pathologists following standardized procedures. Evaluation procedures vary depending on the staining qualities of the particular biomarker under evaluation.
Statistical Considerations
Avoiding overtreatment of men with nonrecurrent disease requires a highly specific biomarker. Hence, to validate a candidate biomarker of recurrence, we estimate the sensitivity at the threshold level associated with 98% specificity by constructing a time-dependent receiver operating characteristic (ROC) curve for recurrence within 5 years of RP. 25 Time-dependent ROC curves offer several advantages as a tool for validating biomarkers. First, ROC curves in general are not dependent on disease prevalence. Thus, sensitivity and specificity of a biomarker can be estimated from a case-cohort study. Second, time-dependent ROC curves incorporate information from censored patients, reducing the potential bias from including only nonrecurrent patients with >5 years of follow-up.
With specificity set at 98%, we assume a biomarker must demonstrate 30% sensitivity to be clinically useful in identifying recurrent disease. This is approximately double the 15% sensitivity of Gleason score which remains the most powerful clinically applicable single variable predicting outcome in prostate cancer. The sample size needed to achieve 90% power to detect sensitivity of Z30% at 98% specificity is 393 recurrent patients and 393 nonrecurrent patients (for detailed calculation, see Supplemental Materials, http://links.lww.com/PAP/A6). detailed calculation). Each participating sites contributed approximately equal numbers of recurrent and nonrecurrent participants to the study, and the number of participants was distributed nearly evenly across the study sites. The total sample size of 1176 ensures adequate power and accounts for the 15% to 30% of cores that typically drop out when a TMA is sectioned. 26 Patients were selected using quota sampling, a variation of the traditional case-cohort design described earlier. Non-recurrent Gleason score 8 to 10 patients and recurrent Gleason 6 patients are of special interest. As part of the study design, these groups are oversampled. They are included in the study cohort at approximately twice the rate of incidence in the study population. Table 2 details the study participant characteristics.
Project Timetable
Compared with a TMA study using a convenience sample of available tissues from a single institution, construction of the CFRPTMR required a considerable increase in effort. Creating a multicenter resource coupled with a rigorous statistical design was a major effort and the time from finalizing the study protocol to construction was several years.
Steps to construction included selection and standardization of clinical and pathologic Common Data Elements, design and testing of the TMA layout, completion of a multisite Material Transfer Agreement, case identification, and selection of blocks based on review of sections. In particular, obtaining, reviewing, and selecting slides and blocks from potentially eligible cases required substantial effort at each site. Many slides and blocks were either not available or had been consumed by other studies. To confirm the study eligibility for over 200 cases required that a pathologist at each institution review slides from at least 220 cases. This process involved annotating up to 5500 slides (25 slides from each of 220 cases). An additional staff person was hired at several institutions to obtain slides for the pathologist to review.
DISCUSSION
The CFRPTMR is a carefully constructed TMA cohort designed to both definitively validate candidate biomarkers of aggressive disease at the time of RP and to discover new biomarkers for nonrecurrent disease that can be used to help select patients for active surveillance. Our intent is to test these candidate biomarkers in an established a prospective, multi-institutional cohort, the Canary Prostate Active Surveillance Study, to determine whether these prognostic biomarkers can be used for selection of men at low risk for progression on active surveillance. 8 By carrying out both discovery and validation studies in tandem, we attempt to address the critical question of which patients with localized prostate cancer can be safely watched and which patients require immediate therapy.
Unlike other large prostate TMA cohorts, patients have been selected according to a strict protocol, using design features similar to a clinical trial. This design offers significant advantages in decreasing potential biases inherent in many TMA studies. First, by selecting patients randomly from institutional RP cohorts, we minimize spectrum bias. Second, by distributing patients across institutions we make our results more generalizable by decreasing the influences engendered by local patient selection biases, differences in treatment, and variations in follow-up and endpoint assessments. Third, the prospective involvement of statistical experts allowed careful definition of study endpoints and power calculations that will render positive and negative findings of tested biomarkers clinically meaningful. Our objective was to design a study in which tissue-based biomarkers could be assessed using methods that were up to standards necessary for regulatory approval for use in the clinic. Given these strengths, the statistical design of this study may serve as a model for future outcome-based studies in other diseases that employ tissue-based biomarkers. In addition, our TMA is a resource available to the cancer research community for the evaluation of prognostic biomarkers with sufficient preliminary data to justify testing.
Constructing TMAs using the approach and standards we have detailed entails challenges and costs. The time from initial planning to final construction and use of the microarrays was much longer than anticipated. A significant portion of that time was spent in the design of the study. However, in the long term, we anticipate that investigators using and adapting our study design can save significant time and output in terms of confidence in the performance of a given biomarker is enhanced. Even with our methods, study planning requires significant input from a dedicated statistician, as well as assessment of data quality from sites, and direct participation in quota sampling. In addition, use of this study design relies on the availability (or creation) of patient databases at participating institutions. These data must be transferred to the statistician(s) at a central data site in a secure and blinded manner which requires a database manager at each site. There are also significant challenges in the construction of the TMAs. Obtaining appropriate blocks on specific selected cases from pathology archives can be rate limiting. Furthermore, as in all TMA studies, our study required significant time and commitment on the part of the study pathologists, who had to review all cases, select the dominant tumor, mark the blocks for core harvesting, supervise array construction, and perform quality control on the final microarrays. Although these challenges can be substantial, we have demonstrated that they are surmountable.
The study design imposes certain limitations. Definitive validation of biomarkers of nonrecurrent disease requires biopsy tissue taken at the time of diagnosis, that is, when a patient would be evaluated for entry into an active surveillance program. Biopsies produce a much smaller volume of cancer for biomarker discovery and validation. This study will select a small set of candidates for further validation with those precious biopsy samples. Other limitations include effects associated with sampling tissue blocks to construct TMAs. By using cores to represent the entire tumor, we may miss an "index" lesion, which is actually responsible for disease progression.
As we embark on assessment of prognostic biomarkers in this cohort, we will continue to test and refine the use of this resource. We anticipate that the quality of the resource will be sufficient to allow definitive testing of tissue biomarkers that they may be translated to clinical use. We encourage use of this resource by the prostate cancer research community for evaluation of mature prognostic biomarkers.
